Kraemer FB, Azhar S. Nordihydroguaiaretic acid improves metabolic dysregulation and aberrant hepatic lipid metabolism in mice by both PPAR␣-dependent and -independent pathways.
NONALCOHOLIC FATTY LIVER DISEASE (NAFLD) is one of the most common causes of chronic liver disease affecting both adults and children in the United States and many other parts of the world (2, 48, 68, 69, 74) . NAFLD represents a spectrum of liver disease ranging from simple steatosis, which is relatively benign, to the more severe form, known as nonalcoholic steatohepatitis (NASH), which may progress to advanced fibrosis, cirrhosis, liver failure, and hepatocellular carcinoma (74) . NAFLD is also closely associated with obesity, insulin resistance, and Type 2 diabetes (7, 52, 64, 67, 69, 76) and is now considered a hepatic manifestation of the metabolic syndrome (7, 29, 30, 35, 52, 69, 76) . In fact, in the majority of cases, development of NAFLD is strongly linked to one or more components of the metabolic syndrome, namely central obesity, insulin resistance, glucose intolerance or diabetes, dyslipidemia, and/or hypertension (29, 30, 35) . In the United States and other Western countries, the estimated prevalence of NAFLD is 20 to 30% and that of NASH ϳ3%. In patients with obesity or Type 2 diabetes, it is now estimated that up to 85% have NAFLD and over half may have NASH (30, 33, 37) .
No validated therapies for NAFLD currently exist (7, 13, 25, 33, 76) , except weight reduction by lifestyle modifications (e.g., caloric restriction and increased physical activity) (73) , which is well known to have a poor long-term success rate. Given that development of NAFLD is strongly linked to components of the metabolic syndrome, not surprisingly treating components of the metabolic syndrome has become a central therapeutic strategy in the clinical management of NAFLD (7, 13, 25, 33, 76) . However, despite several trials of insulin sensitizers (thiazolidinediones, biguanides), antioxidants (vitamin E), and lipid-lowering agents, no highly effective treatment yet exists (7, 13, 25, 33, 76) . Moreover, some of these treatments have side effects and have not proven to be effective. Thus there is an urgent need for the development of new, safe, and effective combinations of drugs, more efficacious drugs as well as multifunctional drugs directed at the core components of the metabolic syndrome that can be used as valuable clinical tools in the management of NAFLD.
The desert plant creosote bush, Larrea tridentate (also known as Chaparral), has been used by Native Americans to treat a variety of ailments including infertility, arthritis, diabetes, gallbladder and kidney stones, and inflammation (12, 27, 60) . Nordihydroguaiaretic acid (NDGA), a phenolic compound, is the active ingredient of creosote bush; it is found in high concentrations in the leaves and twigs of this shrub. NDGA is a potent lipoxygenase inhibitor and also possesses antioxidant properties. Previous work from our laboratory (12, 27 , and references therein) and others (60) has shown that NDGA exerts profound effects on several components of the metabolic syndrome including lowering of blood glucose, free fatty acids (FFA), and triglyceride (TG) levels and attenuation of elevated blood pressure in several rodent models of dyslipidemia, insulin resistance, diabetes, and hypertension.
The present study was initiated to further examine the underlying mechanism by which NDGA exerts its antihyperlipidemic actions. Here we assessed the effects of dietary administration of NDGA on plasma lipids and its impact on hepatic lipid metabolism in leptin-deficient (ob/ob) mice, an animal model of various components of metabolic syndrome including obesity, insulin resistance, dyslipidemia, and mild Type 2 diabetes. We provide evidence that NDGA exerts its hypolipidemic actions predominantly by stimulating the activity of a nuclear hormone receptor, peroxisome proliferatoractivated receptor ␣ (PPAR␣, or NR1C1), the master regulator of all three hepatic fatty acid oxidation systems (58) , which in turn improves dyslipidemia by promoting increased channeling of fatty acids toward their oxidation, and thus restricting the crucial supply of fatty acids needed for TG synthesis, TG storage, and very low-density lipoprotein (VLDL)-TG production and secretion. Furthermore, additional PPAR␣-dependent and PPAR␣-independent lipid pathways, including NDGA modulation of the IRE1/XBP1 arm of endoplasmic reticulum (ER) stress signaling, may also contribute to NDGA's ability to ameliorate hepatic steatosis.
ob/ob mice and control mice continued to be fed a normal chow diet for 16 wk. In another set of studies, C57BL/6J mice and Ppar␣-deficient mutant mice were fed either a high-fat diet (no. TD.06414) (ϳ60% of total calories come from fat, Harlan Laboratories), or the same high-fat diet supplemented with a high dose of NDGA (NDGA 2.5 g/kg diet). Food intake and body weights were measured once a week throughout the experiment.
GTT and ITT. Glucose tolerance test (GTT) and insulin tolerance test (ITT) were performed (1 wk apart) on animals that had been fed low-NDGA, high-NDGA, or control chow diet for 14 -15 wk. Animals were fasted overnight before GTT experiments, and glucose (2 g/kg body wt) was administered by intraperitoneal injection between 9 and 10 AM. Blood samples were collected from the tail at 30, 60, and 120 min to assess in vivo glucose clearance. Food was removed 6 h before ITT experiments, which were carried out between 2 and 3 PM. Blood samples were collected from the tail at 15, 30, and 60 min after insulin (0.5 U/kg) was administered by intraperitoneal injection, as indicated, and serum glucose levels determined immediately using a glucometer (Precision Xtra, Abbott, IL).
Collection of serum, liver, muscle, and WAT samples. Before, during, and at the end of the experimental period, blood samples were taken from the tails of the mice for analyses of plasma metabolites in the nonfasted and fasted states. At the end of the 16-wk treatment period, the mice were fasted, blood was collected, and the mice were subsequently euthanized. Blood samples were centrifuged at 4,000 g for 15 min at 4°C and the recovered serum samples were stored at Ϫ80°C until analyzed. Liver, muscle, and white adipose tissue (WAT) (epididymal and peripheral WAT) were excised immediately, rinsed with phosphate-buffered saline, weighed, frozen in liquid nitrogen, and stored at Ϫ80°C until utilized for various analyses.
Measurement of serum levels of TGs, cholesterol, glucose, adipokines, and adiponectin. Serum glucose, TG, and total cholesterol levels were determined with commercial assay kits (Stanbio Laboratory). Serum adipokines and adiponectin levels were measured by using Milliplex Map kits (EMD Millipore) according to the manufacturers' protocols.
Fatty acid ␤-oxidation assay. Liver fatty acid (palmitate) oxidation rate was determined in fresh liver homogenates by a modified method from that described by Mannarets et al. (47) . Briefly, ϳ50 to 100 mg of liver samples were homogenized on ice in 20 volumes of SET buffer (250 mM sucrose, 1 mM EDTA, 10 mM Tris·HCl, and 2 mM ATP; pH 7.4) in a Potter-Elvehjem homogenizer with a tight-fitting Teflon pestle. The homogenates were centrifuged at 400 g for 10 min at 4°C to sediment cell debris and nuclei and supernatant fractions in each case employed for the measurement of total and peroxisomal ␤-oxidation activities. All ␤-oxidation assays were performed by using a trapping device to capture 14 CO2 produced during the oxidation reaction, as described previously (47) . For the determination of total ␤-oxidation activity, the reactions were carried out in a final volume of 0.4 ml, containing 0.2 mM palmitate plus 0.2 Ci/ml [1- 14 C]palmitate (complexed to BSA), 100 mM sucrose, 10 mM Tris·HCl, pH 7.4, 10 mM potassium phosphate, 100 mM KCl, 1 mM 4 MgCl2, 1 mM L-carnitine, 0.1 mM malic acid, 2 mM ATP, 50 M CoA, and 1 mM DTT. Following addition of 80 l liver homogenate to the trapping device, the device was sealed immediately and incubated for 60 min at 30°C. Following incubation, the reaction was stopped by the addition of 200 l of 6 M H2SO4.
14 CO2 produced during the incubation was collected in 400 l of 1 N NaOH and counted for the determination of radioactivity. Peroxisomal ␤-oxidation assays were carried out under identical conditions as described above (total fatty acid ␤-oxidation) except in each case the incubation mixture also contained 2 mM KCN, but without 0.5% BSA. The rate of mitochondrial fatty acid ␤-oxidation was calculated as the difference of total fatty acid ␤-oxidation minus peroxisomal fatty acid ␤-oxidation.
Oil red O staining of liver sections for detection of neutral lipids. Liver samples were collected from mice, embedded in tissue-freezing medium (Leica, Wetslar, Germany), and stored at Ϫ80°C until used for sectioning to 8-m slices. Liver sections were stained with Oil red O for the visualization of neutral lipids stored in the lipid droplets by using a slight modification of the standard procedure. In brief, frozen liver sections (8 m) were air dried on the slides, fixed in formalin, and briefly washed with running tap water. Next, slides were rinsed with 60% isopropanol, stained with freshly prepared Oil red O working solution (1.5 volume of 0.5% Oil red O in isopropanol mixed with 1.0 volume of distilled water) for 15 min, and rinsed with 60% isopropanol. Following light staining of nuclei with hematoxylin, and a few rinses with distilled water, the slides were mounted in glycerine jelly mounting medium. Slides were viewed under a bright-field microscope (Leica), and photographic images were taken with a digital camera (Diagnostic Instruments).
Measurement of liver TG content. Suitable aliquots of liver tissue homogenates were extracted with chloroform-methanol according to the procedure of Folch et al. (11) , and extracted lipid samples were analyzed for their TG content with an enzymatic assay kit as described above.
Whole genome microarray. RNA samples for whole genome microarray (Mouse OneArray Microarray v2) were isolated by use of Qiagen reagent (Qiagen USA, Valencia, CA) and quality was verified by using an Agilent Bioanalyzer (Agilent Technologies, Palo Alto, CA). Total RNA was Cy5-labeled and hybridized to the GeneChip GPL6845 (Mouse OneArray V1) platform (Phalanx Biotech, Belmont, CA) group. This assay is designed to generate amplified and Cy5 sense-strand DNA targets from the entire expressed genome without bias. Three repeats from each group were performed. The microarray data files have been submitted to the Gene Expression Omnibus; the accession number is GSE35075 (http://www.ncbi.nlm. nih.gov/geo/query/acc.cgi?accϭGSE35075).
Differential and cluster gene expression analysis. The raw data from microarrays were analyzed using Partek Genome Suite software, version 6.3 copyright 2008 (Partek, St. Louis, MO). Briefly, GenePix Results (GPR) files containing the hybridization intensity were imported. This step was followed by quintile normalization and log2 transformation to represent gene expression levels. Samples were grouped into animal groups (WT vs. ob/ob), and diets (standard chow vs. standard chow with NDGA). Three-way ANOVA was performed including diet and animal group interaction to generate the lists of differentially expressed genes comparing WT and ob/ob in response to NDGA treatment and a different dose. There were three microarrays for each group. For the comparison between WT-chow and ob/ob-chow mice, probe sets with a fold change of 2.0 and adjusted P value Ͻ0.05 were considered differentially expressed. For the comparison between the ob/ob and ob-NDGA group, the analyses were also set with a fold change of 2.0 and adjusted P value of Ͻ0.05. The Benjamini-Hochberg false discovery rate (FDR) method was used for false positives. A corrected P value cutoff of 0.05 was used to select the regulated genes with the lowest FDR. Partek Genome Suite was used as the first step for quality control of the data on all the samples with two methods, Pearson correlation and principal component analysis (PCA). PCA was performed as a global view of sample clustering, which is related to the total variance in gene expression for all genes. Normalized expression values for all genes were analyzed. Statistical analysis of metabolic parameters was performed with GraphPad Prism 5.0. Diet-dependent changes were statistically analyzed by two-way ANOVA (repeated measures for within subject samples).
Pathway analysis. For each comparison a list of differentially expressed genes was generated. The gene lists, along with associated expression or fold-change values, were further analyzed by using Ingenuity Pathway Analysis (IPA; Ingenuity Systems, Redwood City, CA) to identify differentially expressed pathways that are affected by NDGA in ob/ob. The list of significantly regulated genes, selected by the microarray analysis described above, was loaded in IPA with the following criteria: direct and indirect relationships filtered by species (mouse) and by tissue (liver). Then IPA computed the data to generate significant networks of genes that are associated with particular biological functions, diseases, and signaling pathways.
Total RNA isolation, qRT-PCR. Total hepatic RNA was extracted by using the Qiagen reagent (Qiagen USA) reverse-transcribed (1 g total RNA) with a high-capacity RNA-to-cDNA kit (Life Technologies/Invitrogen). Real-time PCR was performed in a final volume of 10 l containing 50 ng of cDNA template and primers by using a FastStart Universal SYBR Green Master PCR Kit (Roche, Germany) and an ABI Prism 7700 system (Applied Biosystems) according to the manufacturer's protocols. All reactions were carried out employing the following protocol: 95°C for 2 min; 40 cycles of 95°C for 20 s, 60°C for 20 s, 72°C for 40 s and 72°C for 30 s; and a 5-min extension at 72°C with a melting curve. The sequences of the primers used for the quantitative real-time PCR (qRT-PCR) are shown in Table 1 . All the samples were normalized by the corresponding expression of 36B4 (acidic ribosomal phosphoprotein P0). The expression level of the gene of interest in the NDGA-treated group relative to its expression level in the vehicle-treated group was calculated by using the formula 2
Ϫ⌬⌬Ct , where Ct is defined as the cycle number at which the fluorescence became significantly higher than the background. Specifically, ⌬Ct ϭ ⌬Ct interest Ϫ ⌬Ct 36B4 and ⌬⌬Ct ϭ ⌬Ct of the NDGA-treated group Ϫ ⌬Ct of the vehicle-treated group, which was normalized to 1.0.
Western blot analysis. Aliquots of tissue homogenates were mixed with an equal volume of 2ϫ lysis buffer (50 mM Tris·HCl, pH7.6, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 0.25% deoxycholate, 1 mM EDTA, and 1 mM PMSF), and samples were incubated on ice for 10 min. Following centrifugation, the supernatant fractions were analyzed for protein content by use of a BCA protein assay kit (Pierce), and 20 g of total protein was subjected to 10% SDS-PAGE under denaturing conditions and transferred to nitrocellulose membranes. Blotted membranes were blocked with Odyssey blocking buffer (LI-COR Biosciences, Lincoln, NE) for 1 h and then incubated with either rabbit anti-PPAR␣ (H-98) antibody, phospho-AMPK␣ Table 1 . Primers used for quantitative real-time PCR gene expression studies
(Thr 172 ) rabbit mAb, AMPK␣ rabbit mAb, phospho-AMPK␤1 (Ser 108 ) antibody, or ␤-actin mouse mAb for 16 h at 4°C. After three washes with Tris-buffered saline containing 0.1% Tween 20, the membranes were incubated with IRDye 800CW goat anti-rabbit and IRDye 680LT goat anti-mouse secondary antibodies (LI-COR Biosciences) for 1 h. Proteins were detected with the Odyssey Infrared Imaging System (LI-COR Biosciences).
Cell culture. The model mouse hepatocyte cell line AML12 (catalog number: CRL-2254) was obtained from the American Type Culture Collection (ATCC, Manassas, VA). Cells were cultured in DMEM and F12 supplemented with 10% heat-inactivated fetal bovine serum and 100 U/ml penicillin A/ streptomycin (all supplied by Life Technologies through its GIBCO Cell Culture Media, Grand Island, NY). Cells were maintained at 37°C in a humidified incubator containing 5% CO 2.
Fatty acid loading of mouse hepatocyte cell line. To investigate the effect of NDGA under fatty acid loading conditions, AML12 hepatocytes were loaded with fatty acids (80 M oleic and palmitic acid in 1.1% of fatty acid-free BSA) with or without 10 M NDGA for 48 h (culture medium was changed every 24 h). Subsequently, the cell preparations were quantified for PPAR␣ mRNA and protein levels.
Transfections and luciferase assays. AML12 hepatocytes were seeded at a density of 1 ϫ 10 4 cells/well in a 24-well plate containing the specific culture medium as described above. After overnight incubation, cells were transiently transfected with a PPRE-Luc (firefly luciferase) construct (1 g) Ϯ Ppar␣ plasmid (1 g) by using Lipofectamine 2000 according to the manufacturer's instructions (Invitrogen). A control reporter construct containing Renilla luciferase (Rluc, pRL-TK) (500 ng) was cotransfected for normalization of transfection efficiency. After 24 h, cells were treated with or without various concentrations of NDGA for 24 h. 9-cis-RA (10 M) ϩ WY14643 (10 M) were used as a positive control. At the end of incubation, cells were harvested by use of cell lysis buffer (Promega, Madison, WI) and subsequently assayed for both firefly and Renilla luciferase activities by use of a Promega Dual-Luciferase reporter kit (E1980) and TD-20/20 Luminometer (Turner Designs). Firefly luciferase activities were normalized to Renilla luciferase reporter activities and shown as fold induction compared with control (empty vector). The results shown are the average of triplicate determinations with the error bars representing Ϯ SE. All the experiments were independently repeated at least three times.
Transfection of hepatocytes with PPAR␣ siRNA. For siRNA-related experiments, AML12 hepatocytes were plated for 24 h before transfection at ϳ60 -70% confluence. We used 5 nM of silencer PPAR␣ siRNA (Applied Biosystems) or control (scramble siRNA) was used to transfect cells with Lipofectamine 2000 (Invitrogen). After 24 h, cells were treated with FFA and with or without 10 mM NDGA for another 48 h. At the end of incubation, cells were processed for fatty acid oxidation or harvested using cell lysis buffer for Western blot.
Measurement of cellular fatty acid oxidation. Cellular fatty acid oxidation was measured by a modification of the procedure of Mannaerts et al. (47) . In brief, AML12 hepatocytes were washed with KRP buffer (130 mM NaCl, 5 mM KCl, 1.3 mM CaCl 2, 1.3 mM MgSO4, 10 mM Na 2HPO4, pH 7.4) and subsequently were incubated for 1 h in an incubation medium containing 1% fatty acid-free BSA, 1 mM L-carnitine, 200 M of unlabeled palmitic acid, and 0.2 Ci [1-
14 C] palmitate. At the end of the incubation, the medium samples were acidified with 4 M H2SO4 to release CO2 and trapped by filter paper wetted with 2 N NaOH. The dishes were sealed with Parafilm and incubated for an additional 1 h. The filter paper then was removed and transferred into scintillation vials for the determination of radioactivity.
Statistics. Statistical analysis was performed using the Prism software (Prism 5.0, GraphPad, San Diego, CA). All data except microarray results are presented as means Ϯ SE. A P Ͻ 0.05 was considered statistically significant.
RESULTS

Effects of NDGA treatment on physical and metabolic characteristics of ob/ob mice.
There was no obvious stress or diarrhea observed during the dietary treatment. Compared with the control ob/ob chow diet group, there was a significant reduction of body weight starting from 9 wk treatment in the high-dose NDGA diet group, and from 12 wk in the low-dose group (Fig. 1A) . As shown in Fig. 1B , NDGA treatment resulted in higher body (rectal) temperatures of ob/ob mice, especially with the high dose of NDGA. There was no significant difference in food intake between groups (Fig. 1C) . These results suggest that suppression of body weight gain in ob/ob mice by NDGA supplementation in the diet is due not to changes in food intake, but to increased energy expenditure.
Serum TG and glucose levels were significantly decreased in mice treated with NDGA (Table 2 ). However, total cholesterol and nonesterified fatty acids were not different between control and NDGA-treated groups (Table 2 ). Insulin levels were greatly reduced in response to NDGA ( Table 2 ). As shown in Fig. 1D , glucose intolerance improved in the high-dose NDGA group during GTT. Insulin sensitivity also significantly improved in the high-dose group (Fig. 1D ).
As shown in Table 2 , circulating levels of several inflammatory chemokines, monocyte chemoattractant protein-1, IL-6, plasminogen activator inhibitor-1, and resistin, were decreased with the dietary administration of NDGA. These data suggest that NDGA treatment attenuates leptin deficiency-induced hyperlipidemia and insulin resistance and indicates an anti-inflammatory role for NDGA.
Effects of NDGA treatment on hepatic lipid accumulation and fatty acid oxidation in ob/ob mice. Liver weights in the low-NDGA group were 18% lower than of controls and 27% lower in the high-dose group (Table 2) . Liver TG content was 26% lower in low-dose compared with control mice, and 38% lower in high-dose mice (Table 2) . Hepatic steatosis (i.e., enhanced accumulation of lipid droplets), as measured by Oil red O staining of liver sections, was significantly improved in ob/ob mice chronically treated with either low or high dose of the NDGA (Fig. 1E) .
To begin to investigate the mechanism of NDGA's effects on hepatic lipid metabolism, we first performed hepatic fatty acid oxidation assays. In the liver, fatty acid oxidation occurs in three subcellular organelles: ␤-oxidation in mitochondria and peroxisomes and -oxidation in microsomes (15, 56) . Under normal physiological conditions, mitochondrial ␤-oxidation accounts for most hepatic fatty acid oxidation and is primarily involved in the oxidation of short-chain (ϽC 8 ), medium-chain (C 8 -C 12 ), and long-chain (C 12 -C 20 ) fatty acids. As shown in Fig. 1F , total and mitochondrial palmitate oxidation in the liver homogenates of ob/ob mice was only 41% of wild-type control. Treatment with a low dose of NDGA resulted in an 18% increase in fatty acid oxidation, whereas use of a high dose of NDGA caused a 31% increase in palmitate oxidation. Low levels of peroxisomal palmitate oxidation also showed a similar trend. These data suggest that NDGA may exert its hypolipidemic effect primarily by promoting increased fatty acid oxidation via the mitochondrial ␤-oxidation system.
Altered global gene expression with NDGA treatment. To further examine the molecular mechanism by which NDGA promotes enhanced fatty acid oxidation, we employed microar-ray technology to compare the global gene expression profiles of liver tissues isolated from ob/ob control, or ob/ob mice treated with a high dose of NDGA. C57BL/6J mice were used for baseline gene expression. A total of 31,248 genes were presented on the array chip, and 24,105 genes (identified as "present" by IPA software) were expressed in the liver. A comparison between ob/ob and control (wild-type) mice using the IPA Ingenuity system identified 776 genes that were related to lipid metabolism, of which 198 showed significant changes with a P value of Ͻ0.05; among these, 33 genes changed more Fig. 1 . Effect of low-or high-dose dietary nordihydroguaiaretic acid (NDGA) treatment on food intake, body weight, temperature changes, insulin resistance, and hepatic fatty acid oxidation in ob/ob (ob) mice. Groups of 8-wk-old ob/ob mice were maintained on a chow diet, or a chow diet supplemented with either low (0.83 g/kg food; Low) or high-dose (2.5 g/kg food; High) NDGA for 16 wk. WT, wild type; Con control diet. A: body weight. B: body temperature. C: food consumption. D: glucose tolerance test (GTT) and insulin tolerance test (ITT). E: Oil red O staining of liver sections for lipids. F: [ 14 C]palmitate oxidation: total, mitochondrial, and peroxisomal ␤-oxidation. NDGA treatment decreases body weight gain and increases body temperature without impacting food intake (*P Ͻ 0.05 vs. ob/ob-chow control; **P Ͻ 0.01 vs. ob/ob-chow control). Data are presented as means Ϯ SE (n ϭ 8).
than twofold. Similarly, a comparison between chow-fed ob/ob mice and ob/ob mice fed a NDGA-supplemented chow diet identified 807 genes that were related to lipid metabolism; 215 of them showed significant changes with a P value of Ͻ0.05. Among these 104 registered a change greater than twofold. Changes in some of the lipid metabolism genes are listed in Table 3 .
NDGA regulation of hepatic lipid homeostasis in ob/ob mice. To examine which component(s) of hepatic lipid homeostasis was impacted by the NDGA treatment of ob/ob mice, we classified the genes involved in lipid metabolism into eight groups: 1) fatty acid uptake; 2) acyl-CoA synthases; 3) fatty acid oxidation (catabolism); 4) fatty acid synthesis (lipogenesis); 5) TG synthesis and VLDL-TG assembly (fatty acid export); 6) cholesterol metabolism; 7) lipid clearance; and 8) transcription regulators of lipid metabolism. As can be seen from the data presented in Table 3 , the fatty acid oxidation pathway was most robustly affected by the NDGA treatment. Expression levels of key fatty acid ␤-oxidation genes such as Acox1, Cpt2, Acadl, Acadm, Acads, Acadsb, Dci, Echs1, Ehhadh, and Peci were significantly upregulated with NDGA treatment. Similarly, NDGA-mediated increases in mRNA levels of Ppargc1a (PGC-1␣) and Ppargc1b (PGC-1␤) [the members of the peroxisome proliferator-activated receptor gamma coactivator-1 (PGC-1) family of transcriptional coactivators that serve as inducible coregulators of nuclear receptors in the control of cellular energy metabolic pathways] (10, 43) were observed in liver samples from NDGA-treated ob/ob mice. In addition, enzymes/transporters that facilitate fatty acid transport (e.g., Acsvl4, Acsl1, and Acsl4) or utilization (e.g., Acl, Acsm3, Acss2, Elovl2, Elovl5, Mlycd) showed a pattern of significant upregulation of mRNAs similar to the enzymes involved in fatty acid ␤-oxidation in response to NDGA treatment (Table 3) .
Expression levels of genes involved in fatty acid synthesis (e.g., Fasn, Scd1, Scd2, Me2, Elovl6, Pklr, and L-Pk) were upregulated in ob/ob mice, but significantly downregulated by NDGA treatment. In contrast, the expression levels of other genes such as Acly, Acsl1, Acsl4, Acsm3, Acss2, Elovl2, Elovl5, Elovl6, Me1, Mlycd, and Gck, which participate in lipogenesis, were upregulated in response to NDGA feeding. Likewise, the expression of most of the TG synthesizing genes (e.g., Agpat2, Agpat6, Agpat9, Dgat2, Fads1, Fads2, and Mogat1) and Arf3, a key gene whose protein product is involved in VLDL assembly, were upregulated in NDGA-treated ob/ob mice. Among the genes involved in the regulation of VLDL metabolism, the expression of the gene for a major apolipoprotein, Apoa4, responsible for hepatic VLDL-TG export was markedly upregulated in ob/ob mice, but greatly reduced following treatment of mice with NDGA. The expression of the other VLDL-related genes such as Apob, Apoe, ApoF, and VLDR was suppressed by NDGA. In contrast, the mRNA levels of Apoc3 and Lpl were increased significantly following NDGA treatment of ob/ob mice. Likewise, NDGA treatment increased (two-to threefold) the expression of other genes involved in lipid clearance such as Abcb4, Abcb11, Abcc3, Abcc6, Abcd1, Abcd3, Abcg2, and Abcg5. Also, the expression of key genes involved in cholesterol metabolism, Acat2, Hmgcr, Ldlr, Mvk, Insig1, Insig2, Npc1, and Scap were significantly altered by NDGA treatment of ob/ob mice (Table 3) .
Several key transcription factors regulate hepatic lipid metabolism. The expression of Foxa1 (HNF-3A), Xbp1 (XBP1), Ppard (PPAR␦), and Srebf2 (SREBP-2) was reduced ϳ50 -70% in ob/ob mice that were chronically fed an NDGA supplemented chow diet. In contrast, NDGA treatment led to variable (25-300%) upregulation of genes of several transcription factors including HNF4a, Mlxipl (ChREBP, MONDOB, or WBSCR14), Nr1h3 (LXR␣), Ppargc1a (PGC-1␣), and Ppargc1b (PGC-1␤). The high-glucose-responsive carbohydrate response element binding protein (ChREBP) along with its interacting partner (Mlx; heterodimer partner max-like factor-X) induces transcription of genes involved in glycolysis [liver pyruvate kinase (L-Pk)], lipogenesis (Acc, Fasn, Scd1, Elovl6), and gluconeogenesis [G6pc (glucose-6-phosphatase)] (46, 56, 75) . Liver X receptor (LXR), as a LXR/retinoic acid X receptor (RXR) heterodimer, directly regulates expression of a number of genes important for de novo fatty acid synthesis (e.g., Acc1 and Acc2, Fasn, Scd1) (3, 70) but also regulates the expression of transcription factors such as SREBP-1c (3, 62) and ChREBP (5) . Transcription factor XBP1, a key regulator of the unfolded protein response, is also involved in the regulation of hepatic lipogenesis (38) .
Cluster analysis and confirmation of microarray by qRT-PCR. Next, we performed cluster analyses on the 18 fatty acid oxidation related genes that significantly correlated with NDGA treatment (see Fig. 2A , the heat map and clustering diagram of the differentially expressed genes). These genes are overexpressed in the livers of NDGA-treated mice compared with ob/ob control mice. We selected a set of 10 genes involved in hepatic fatty acid ␤-oxidation for their validation by qRT-PCR employing the same hepatic RNA samples previously used in cDNA microarray studies. Figure 2B shows that qRT-PCR analyses of hepatic mRNA expression of Cpt1, Cpt2, Acox1, Acadl, Acadvl, Acadm, Ucp2, Ppargc1a (PGC-1␣), and Ppargc1b (PGC-1␤) were upregulated significantly, which was consistent with the microarray data. Although gene array analysis showed no significant changes in response to NDGA treatment in Ppara (PPAR␣), the master regulator of various metabolic pathways involved in hepatic fatty acid metabolism including cellular fatty acid uptake, intracellular fatty acid transport, ketogenesis, mitochondrial and peroxisomal fatty acid ␤-oxidation, microsomal fatty acid -oxidation, and peroxisomal fatty acid uptake (58, 59) , qRT-PCR measurements indicated that NDGA treatment led to significantly increased expression of PPAR␣ mRNA levels.
Western blot analysis of PPAR␣ and AMPK protein levels.
Western blot analysis further demonstrated that nuclear protein content of PPAR␣ was reduced in ob/ob mice compared with wild-type (control mice) and that NDGA treatment almost completely restored its expression to the levels of control mice (Fig. 2C) . We also evaluated the phosphorylation status of 5-AMP-activated protein kinase (AMPK). AMPK is a heterotrimeric protein comprising ␣ (63 kDa), ␤ (38 kDa), and ␥ (38 kDa) subunits. The AMPK␣ is the catalytic subunit, whereas AMPK␤ and AMPK␥ are regulatory (noncatalytic) subunits. AMPK, a serine-threonine kinase member of the SNF1 (sucrose nonfermentor) kinase family, is critically involved in the regulation of energy homeostasis in various tissues including the liver. When activated by phosphorylation, AMPK in the liver stimulates energy-producing processes such as fatty acid oxidation and glycolysis and inhibits energy by utilizing processes such as lipogenesis, amino acid synthesis, and gluconeogenesis (77, 79) . As can be seen from Fig. 2C , the dietary administration of NDGA caused significant activation of AMPK through enhanced phosphorylation of both catalytic (AMPK␣) (both AMPK␣-1 and ␣-2) and regulatory (AMPK␤-1) subunits (Fig. 2C) .
Effects of NDGA on hepatocyte cell line in vitro. To test whether NDGA has an effect on Ppar␣ promoter activity, we transfected AML12 hepatocytes with PPRE reporter and Ppar␣ plasmid constructs in pCMX vector. Culture dishes were treated with different concentrations of NDGA ranging from 1 M to 20 M. NDGA exposure of cells stimulated PPAR promoter activity up to sevenfold with a maximum effect observed at 10 M (Fig. 3A) . To mimic the obese environment in vitro, a mixture of oleic and palmitic acid was used to load cells with lipid. Fatty acid loading significantly inhibited PPAR␣ expression in hepatocytes, and 10 M NDGA almost completely abrogated the negative effect of fatty acid loading on cellular PPAR␣ levels. At the protein level, FFA loading of cells decreased PPAR␣ protein levels by (Fig. 3B) . Next, we evaluated the role of PPAR␣ in mediating the effects of NDGA treatment on fatty acid oxidation in mouse hepatocytes (AML12) using siRNA transfection. Transfection of cells with a PPAR␣-specific siRNA reduced PPAR␣ protein levels ϳ60 -70%, whereas scrambled siRNA had no effect. Fatty acid loading of cells dramatically reduced mitochondrial and peroxisomal palmitate oxidation, whereas NDGA treatment partially restored the rates of fatty acid oxidation to the levels exhibited by cells without fatty acid loading (Fig. 3C) ; however, the ability of NDGA to restore the rates of fatty acid oxidation was abrogated by the knockdown of PPAR␣.
Effects of NDGA treatment in Ppar␣-deficient mice. To further investigate whether NDGA stimulates fatty acid oxidation through PPAR␣, we fed Ppar␣-deficient mice either a high-fat diet or a high-fat diet supplemented with NDGA. Compared with wild-type mice fed a high-fat diet or NDGAcontaining high-fat diet, we found that the increase in palmitate oxidation produced by NDGA was almost totally abrogated in Ppar␣-deficient mutant livers (Fig. 4F) , though both body and liver weights as well as plasma and hepatic TG levels decreased to similar degrees as in wild-type mice (Fig. 4, A-C) . These data further suggest that NDGA stimulates fatty acid oxidation primarily through PPAR␣.
DISCUSSION
NAFLD encompasses a spectrum of disease that originates with excessive accumulation of lipid mainly in the form of TGs, or hepatic steatosis. Hepatic steatosis results from an imbalance between synthesis, uptake, export (secretion), and oxidation of fatty acids (58, 64, 69, 74) . Previous work from our laboratory (12, 27 and references therein) and others (60) has shown that NDGA exerts profound effects on key components of the metabolic syndrome including lowering of plasma glucose, lipid (FFAs and TG) levels, attenuation of elevated blood pressure, inhibition of lipolysis in relevant rodent models of dyslipidemia, insulin resistance, diabetes, and hypertension. However, little is known about the mechanism of antihyperlipidemic actions of NDGA on dyslipidemia and its potential effect on hepatic steatosis. Thus the present study was con- ducted to elucidate the molecular mechanism(s) by which NDGA exerts its hypolipidemic actions, including attenuation of hepatic steatosis, using both in vivo models involving ob/ob and Ppar␣-deficient mice and an in vitro model of a mouse hepatocyte cell line (20, 48, 55, 56) .
Increased body weight gain in ob/ob mice was diminished by dietary treatment with NDGA. Moreover, NDGA significantly reduced liver weight and steatosis as evidenced by decreases in Oil red O staining and hepatic TG content. Likewise, plasma levels of TGs and glucose were significantly reduced. The balance between energy intake (calories consumed) and energy expenditure (calories burned) determines body energy (fat) stores. Our data showing no change in food intake, but elevation in body temperature in response to NDGA treatment, suggest that NDGA has an effect on energy expenditure. Interestingly, a major effect of NDGA is to promote hepatic fatty acid utilization through increased oxidation of fatty acids via mitochondrial and peroxisomal ␤-oxidation pathways, which may account for its antiobesity action and may be responsible for lowering hepatic TG content. Using Ppar␣-deficient mice, where almost no stimulatory effect of NDGA on hepatic fatty acid oxidation was observed, we established that the ability of NDGA to increase hepatic fatty acid catabolism is mediated via PPAR␣. Interestingly, similar to control (wild-type) mice, Ppar␣-deficient mice showed comparable reduction in body and liver weights as well as plasma and hepatic TG (steatosis) content in response to NDGA treatment. Thus the present studies raise the possibility that NDGA most likely attenuates body weight gain (i.e., increased energy expenditure) and hepatic steatosis in a PPAR␣-independent manner, which is consistent with the recent report that NDGA attenuation of TG accumulation in HepG2 cells is mediated by AMPK (40) . Additional studies are needed to delineate the actual mechanism involved. NDGA-mediated decreases in plasma glucose levels appear to result from both improvements in insulin resistance and steatosis and an enhanced rate of whole body glucose clearance. NDGA treatment also decreased the circulating levels of key inflammatory chemokines, indicating that NDGA may also function as an anti-inflammatory agent and suggesting that NDGA may improve hepatic insulin resistance and steatosis by promoting the decreased expression of certain inflammatory chemokines.
Gene expression profiling revealed a complex network of changes unique to hepatic lipid metabolism attributed to NDGA. Among the major hepatic lipid metabolizing pathways, NDGA treatment led to upregulation of PPAR␣, PGC-1␣, PGC-1␤, as well as genes involved in various steps of fatty acid oxidation and utilization. PPAR␣ is a ligand-activated nuclear transcription factor (58) and is highly expressed in the liver, where it is most responsible for regulating genes involved in fatty acid uptake, fatty acid activation and transport into mitochondria, mitochondrial and peroxisomal ␤-oxidation, and ketogenesis (1, 6, 14, 15, 18, 28, 36, 43, 59, 71) . Both PGC-1␣ and PGC-1␤ potently enhance the expression of genes involved in fatty acid oxidation and ketogenesis by coactivating PPAR␣ (for review see Refs. 10 and 45). PGC-1␤, but not PGC-1␣, activates the expression of genes involved in lipogenesis, TG synthesis, and VLDL secretion by directly docking and coactivating SREBP-1c and LXR (10, 45) , which play an essential role in the control of lipogenesis (17, 62) . To what extent NDGA-mediated induction of PGC-1␤ contributes to hepatic lipogenesis is not known at present, but mounting evidence indicates that induction of both PGC-1␣ and PGC-1␤ expression in the liver is a key regulatory event in the activation of energy metabolic pathways, including fatty acid ␤-oxidation for energy (ATP) production (10, 45). The expression of genes involved in fatty acid catabolism, including those involved in hepatic fatty acid uptake (Slc27a2), activation (Acsl1, Acsl4), and transport into the mitochondria (Cpt1, Cpt2), peroxisomal and mitochondrial ␤-oxidation (Acox1, Acadl, Acadm, Acads, Acadsb, Acadvl, Dci, Echs1, Ehhadh, Peci), fatty acid elongation (Elovl2, Elovl5, Elovl6), desaturation (Fads1, Fads2) , and hepatic clearance of VLDL (Apoc2, Lpl), were increased in response to NDGA treatment, and many of these genes are directly regulated by PPAR␣ (59) . We also noted a twofold induction of Mlycd mRNA levels in response to NDGA treatment, the gene encoding malonyl-CoA decarboxylase (MCD). MCD is transcriptionally regulated by PPAR␣ (39) , catalyzes the degradation of malonyl-CoA to acetyl-CoA, and is a key regulatory enzyme for fatty acid oxidation (39) through modulation of malonyl-CoA levels, a potent inhibitor of carnitine palmitoyltransferase 1 (CPT1) (16) . Thus increased expression of MCD is expected to result in lowering of malonyl-CoA levels and, consequently, enhanced mitochondrial fatty acid ␤-oxidation. These gene-specific changes in fatty acid oxidation pathways in response to NDGA treatment are in good accord with the observed increases in the rate of total, mitochondrial and peroxisomal hepatic fatty acid ␤-oxidation. On the other hand, NDGA treatment did not affect hepatic mRNA expression of PPAR␣-responsive mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase (Hmgcs2), the rate-limiting enzyme in ketone body production (34) . When considered together, these various findings lead us to conclude that NDGA-mediated attenuation of liver TG content and suppression of circulating TG levels results primarily through increased removal of fatty acids via their oxidative catabolism. To what extent NDGA mediated inhibition of hepatic steatosis also involves fatty acid elimination through induction of the ketogenesis pathway (58) remains to be explored, but its contribution is likely to be of much lower magnitude than that of hepatic ␤-oxidation systems. On the basis of these data, it is highly likely that NDGA activated PPAR␣, PGC-1␣, and PGC-1␤ work in concert to promote increased channeling of fatty acids away from lipogenesis and TG synthesis toward fatty acid ␤-oxidation (41, 42) .
Furthermore, we observed that mRNA levels of key fatty acid synthesizing enzymes such as Fasn, Me2, Elovl6, Scd1, Scd2, and Pklr (a specific target gene of ChREBP) were decreased, whereas the levels of most of the TG-synthesizing (i.e., Agpat2, Agpat6, Agpat9, Dgat2, Arf3, Mogat1) and lipogenic enzymes (Acly, Fads1, Fads2, ME1, Elovl2, and Elovl5) were upregulated in ob/ob mice when fed a high-NDGA supplemented diet. NDGA treatment of ob/ob mice also affected the expression of SREBP-2, ChREBP, and LXR, the three major lipogenic transcription factors (5, 17, 46, 56, 62, 65, 76) , and XBP1 (38) , all of which are involved in the regulation of fatty acid and TG synthesis (39, 46, 62, 70, 75, 79) and contribute to hepatic steatosis (22, 31, 56, 57, 70, 78) . However, the patterns of expression of these genes varied considerably from each other. Since SREBP-1c transcriptional activity is also regulated at the posttranslational level by protease-mediated cleavage of the precursor ER transmembrane form, allowing the cleaved and transcriptionally active amino-terminal peptide to translocate into the nucleus (17) , it is possible that NDGA promotes increased proteolytic cleavage and activation of SREBP-1c activity by modulating this process. Interestingly, hepatic mRNA levels of SREBP cleavage activating protein (SCAP), which escorts SREBP-1a/1c and SREBP-2 from ER to Golgi for their proteolytic processing, thereby allowing activated SREBPs to stimulate fatty acid and cholesterol synthesis (17) , were significantly increased (ϳ1.5 fold) in NDGA-treated animals. NDGA treatment also led to increased expression of Insig-1 (insulin-induced gene product-1) and Insig-2, which can inhibit the activity of SREBP-1c (and SREBP-2) and their target genes and, as a result, may limit the functional efficacy of NDGA-induced and SREBP1c-mediated lipogenesis (8, 17, 72) .
Earlier studies have shown that activation or overexpression of SREBP-1c or LXR in mice leads to the development of extensive hepatic steatosis (31, 57, 65, 66) , whereas genetic deletion of SREBP-1c, LXR, or ChREBP attenuates steatosis (20, 31, 51, 57, 62, 70, 78) . Thus, despite their involvement in the pathogenesis of hepatic steatosis, we were quite surprised to find that NDGA exerted no inhibitory action on the expression of SREBP-1c, LXR, and ChREBP but at the same time attenuated hepatic steatosis. Even more surprising was the fact that NDGA treatment actually increased the expression of LXR and ChREBP (and possibly SREBP-1c) along with some of their downstream targets (i.e., many lipogenic and most of the TG synthesizing genes). Although currently we are unable to provide an exact explanation about the lack of inhibitory action of NDGA on these three lipogenic transcription factors, several possibilities may explain this phenomenon. First, PPAR␣ can positively impact hepatic lipogenesis (9, 16, 23, 32, 53) by regulating SREBP-1c and LXR (16, 23, 32, 53, 59) , as well as certain enzymes involved in polyunsaturated fatty acid or triacylglycerol synthesis (23) . Second, fatty acid synthase (FAS) reaction products (i.e., "new" fatty acids) can activate physiologically distinct pools of PPAR␣ in the liver to regulate glucose, lipid, and cholesterol metabolism (6) . Finally, genomewide profiling of LXR, PPAR␣, and their common dimerization partner RXR in mouse liver revealed extensive overlap (71 to 88%) between the binding sites of LXR and PPAR␣ (3) and potential cross-talk between PPAR␣ and LXR or other LXRregulated lipogenic transcription factors such as SREBP-1c and ChREBP. Our demonstration that NDGA functions as a potent ligand or proligand for and activator of PPAR␣ (either directly or indirectly through its actions as a lipoxygenase inhibitor) suggests that it most likely stimulates LXR, ChREBP (and possibly SREBP-1c), and, consequently, lipogenesis, by a mechanism similar to that employed by other PPAR␣ agonists (16, 23, 32, 53) to stimulate lipogenesis. Overall, the involvement of PPAR␣ in lipogenesis may represent a compensatory mechanism for the continued availability of an adequate amount of fatty acids as a fuel for oxidation and high energy production. In this context, NDGA-mediated increased expression of ChREBP may also be necessary to safeguard the liver against becoming energy deficient (4) and may also upregulate the expression of SREBP-1c both directly (21) and indirectly through other mechanisms (8, 17, 72) .
ob/ob mice exhibit high levels of ER stress (24) , and NDGA treatment resulted in significant downregulation of the ER stress response protein XBP1 mRNA. XBP1 is downstream of the unfolded protein response (UPR) sensor inositol-requiring kinase-1␣ (IRE1␣) and regulates the expression of a number of genes involved in de novo lipogenesis, including SREBP1, SCAP, FAS, SCD1, ACC2, and DGAT2 (22, 24, 38, 54, 61, 80), and it has been suggested that dysregulated ER stress may be a major contributor to the pathogenesis of hepatic steatosis (61) . In our studies, NDGA-mediated repression of XBP1 gene expression suggests that the IRE1␣-XBP1 pathway may represent another potential mechanism by which NDGA reduces liver TG content. Overall, these results point to a direct link between NDGA-mediated reduction in XBP1 gene expression to reductions in FAS, SCD1, and SCD2 mRNA levels, hepatic TG content, and lipogenesis, most likely via amelioration of ER stress (24) .
Dietary administration of NDGA results in activation of AMPK, i.e., increased phosphorylation of both catalytic (AMPK␣-1 and AMPK␣-2) and regulatory (AMPK␤-1) subunits. When activated by phosphorylation, AMPK stimulates energy generating processes, such as fatty acid oxidation and glycolysis, and inhibits energy consuming processes, such as lipogenesis and amino acid synthesis (77, 79) . This is achieved, in part, through phosphorylation and inactivation of acetylCoA carboxylase, leading to a decrease in the concentration of malonyl-CoA (77, 79) . Activated AMPK also attenuates hepatic steatosis by restricting the availability of FFAs for TG synthesis through phosphorylation and inactivation of SREBP-1c (44) , ChREBP (26) , and LXR (19) , and inhibition of glycerol-3-phosphate acyltransferase (GPAT), the rate-limiting step in TG synthesis. We found that an increase in activated AMPK with NDGA supplementation was associated with an increase in CPT1 expression and a decrease in the expression of FAS, SCD1, SCD2, and L-PK. Although NDGA treatment increased the expression of ChREBP, LXR␣ (and a possibly active form of SREBP-1c), the observed decreases in the gene expression of FAS, SCD1, SCD2, and L-PK may be related to the ability of AMPK to inhibit (via phosphorylation) the functional activities of these transcription factors (40) . In addition, at present, we cannot exclude the possibility that activated AMPK, along with the reduced expression of XBP1, may be jointly responsible for downregulating these lipogenic genes and restricting lipogenesis. Collectively, these data indicate that NDGA may reduce lipid accumulation in the liver, at least in part, by directly stimulating AMPK activity, which in turn enhances hepatic fatty acid ␤-oxidation and reduces de novo lipogenesis. These NDGA-mediated reciprocal changes in the rates of fatty acid synthesis and degradation should allow increased channeling of acyl-CoA toward ␤-oxidation and away from the biosynthesis of TGs and their subsequent accumulation in the liver (steatosis).
In summary, we have provided insights into the molecular mechanisms by which dietary supplementation of NDGA ameliorates hepatic steatosis in ob/ob mice. On the basis of the experimental data obtained, the beneficial actions of NDGA on dyslipidemia and hepatic steatosis in ob/ob mice are exerted primarily through PPAR␣-dependent and PPAR␣-independent pathways. Furthermore, NDGA modulation of the IRE1/XBP1 arm of ER stress and AMPK signaling may also contribute to NDGA's ability to attenuate hepatic steatosis.
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